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By Jokm P o  Mayer 

Flight t e s t s  were conducted on Q North Americen P-51D airplane 
to establish +&e =ximum lift coefficient and the buffeting boundarg 
Une as a function of bkch nlmiber.. Abrupt stalls were =de at Mach 
numbers from 0.21 t o  0.63 ma gradual etafls ware made at Mach nunibere 
from 0 .kl . t o  0 *65 The buffeting beery was determined. in abxlzpt 
pull-ups. . t h r o e  a Mach rider range from o .21 t o  0.80 

The results indicate that the e l i f t  coefficfent and the 
buffeting boundary Une as eetabllshed In abrupt pull-ups were very 
much affected. by Mach number and that Reynolds number had no apprent 
effect on naaxlmum l i f t  coefficient in abm-gt pull-ups within the 
l i m i t s  of t h e  test data. 

Up t o  a Mach nmber of 0.64 the buffeting boundam was defined 
by the actual limit Itaximxn lift coefficient at';aimble nlth the 
P-5l.D airplane in abrupt pull-u?s. Above a Mach nmler of 0.64 the 
buffeting bo~ndary dropped sharp4 and wa8 below the actual 
lift coefficient of the airplane. 

A comparison between the buffet- bounkry found in the flight 
tes ts  and a calculated. xLng buffeting boundam ehowa good agreement 
up t o  8 Mach number of 0.42 with a baser degree of agreement at 
higher Wch numbers. 

The gradual stalb of the  airplane indicated that the 
Lift coefficient waa affected by h c b  nmhr  in a m r  similar to 
that for the abrupt stalls. 
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Although there i e  considerable wintZ-tvnnel materfal available 
on the variation of the maximum l i f t  coefficient with such factors  
BE Reynolds number and a1rf'oi.l shape,  tkere is loss hown about t h e  
effects  of e i ther  Mach number o r  r a t e  of change of angle of attack 
on naxhmn lift coefficfent, both of which are becaning increaefngly 
fmportant. =eo, the occurrence of bufSetini; a t  high Mach numbers 
and l i f t  coefficients lower than the maximm lift coefficient has 
lmposed an effective limit i n  1 9 f t  on the airplane beyond which 
p i lo t s  have seldom ventured. Relatively f e w  data  exiat on this 
Latter phase of the problem and l i t t l e  i 8  lmown concemiq  the 
prediction of this l m t .  

Ir- the course of a high-sped  dive test prowam on a P-51D air- 
plane at Lmgley Memorial Aeronautical  LaboratopJ of the National 
Advisory C d t t e e  f o r  Aeronantics at Langley Field, Virginia, eane 
data on the variation of maximum l i f t  coefficient and buffeting 
l i f t  coel"ficient vith Mach number were obtainod. This report  
presente the resulte of t h e m  t e a t s .  The true mRximum lift 
coefficients were meamred i n  tzbmpt and gradual s W l a  up t o  a 
Mach number of 0.63, whereas the buffeting boundary waa eatablished 
up to a Mach nmber of 0 .a0 a 

The prosont results elctead the available flight data on abrupt 
stallE of airplanes with low drag wings (resulte of h e 8  Laboratory 
t ea t s  of the Bell 2-63~-6 airplane) fram a Mach number of 0.44 t o  0.63. 
Although the t es ts  of the  i?-5lD airplane did not extend the Mach 
number r q e  of other bwstigation.8 with rcgard t o  the buffeting 
boundary (references 1 and 21, the inetrumentation of the  airplane 
was such tha t  the buffeting boundary could be  quite  accurately 
determined. In additlon, since tail loads were measured on the 
P-51D airplane, w i n g  I . i f t  coefficients as w e l l  a8  airplane lift 
coefficianta were evaluated. 

Description of' Pdrplane 

The airplane nsed in the b e t s  was a Korth American P-5lD,  
reinforced  etzucturally ta withstand the high loads expected in 
a hi&-epeed dive program in progress at m e g  Laboratmy. 
Figwe 1 showB a side view of tihe airplane w e d  Fn t h e  fliet 
t e s t a .  
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The general specifications of the airplane as f l o rn  are as 
f O l l O ~  : 

Airplane......... 

Engine . . . . . . . . .  
Propeller . . . . . . . .  

Diameter, f ee t  . . . . .  
Blade rim%er . . . . .  

Weight at  W e  off, pounds 
Center-of-gravity posit ion 

percent M.A.C . . . . .  

. . . . . . . . . .  Xorth  American P-5D 

. . . . . . . .  Packard butlt  Rolls Royce 
V-1650-7 E C Y U ~ ~ ~ F  . .  0 . 0 b . . 0 .  .Hasrf3.tanstandard 

4-blEae hy5romtic . . . . . . . . . . . . . . . . .  ll.17 . . . . . . . . . . . . . . .  K6523-24 . . . . . . . . . . . . . . . . . .  8050 
( a t  take O f f ) ,  . . . . . . . . . . . . . . . . . .  25.1 

, A= A i r  Forces No. 44-13257 

W h g :  
Span, feet . . . . . . . . . . . . . . . . . . . . . . . . .  37.03 
Area, square feet . . . . . . . . . . . . . . . . . . . . .  240.1 
Dihedral (at 25 percent chord), degrees . . . . . . . . . .  5 
Sweepback (leading eclge) . degreea . . . . . . . . . . . . .  3.6 
K.A.C.,  inches. . . . . . . . . . . . . . . . . . . . . . .  7'9.6 
Airfo i l  . a s . . . 0 NAA-NACA l o w  drag 

Horizontal tail: 
Area, sqmre feet . . . . . . . . . . . . . . . . . . . . . . .  28.0 
Incideme, degrees . . . . . . . . . . . . . . . . . . . . .  1 

Airspeed, pressure altitude, asld airplane nomlaccelerat ian 
were measured as functions of time with standard NACA recording 
ir=stmunents. The tail noxnal accelewtfon was measured with a 
Btatham aocelerameter in ccnnection with a Miller I5-element 
recording oacillogra.~h. Loads OD the wing asld tail were found 'by 
using strain-gege measurement8 recorded on the mller oscillogmph. 

The airspeed head w a ~  mounted on a boom e s t e a g  1.2 loca l  
chord lengthe ahead of the leading edge of' the WFng and located near 
tke rigkt wing t i p  of the afrplane. The a i r sped-e l t i tu&e recoz&n 
wa8 located tn the fight wlng 80 ae to minin5ze lag effecta. This 
airspeed aystem was calibrated for poeition error, due to l i f t  
coefficient and MEtch number effects, up to EL Mach  number of 0.78. 

The strain-gage instaUation on the afrplane W&B calibrated 
periodically by applying known loads to the wing and tall of t h e  
airplane. 
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A l l  flight t e s t s  vera =de uith the airplane i n  the clean 
condition and with yowar on. 

Abrupt stalls were made at gressure a l t i t u l e s  of lO,OCC), 
20,000, and 30,000 f c e t  at  Mach numbers fiwm 0.21 t o  0.63. Ifi 
theso stalls the alrplane was pulled up as ab rup t ly  as possible, 
the Cegree of abr-uptness depanding u ~ o n  the ir;-ertia, control power, 
and s t a b i l i t y  of the airplam as' flown. A series of gradual stalls 
w&8 a l s o  made 3.n turns e.t ~0,000-foot-greeenre a l t i t u d e  a t  Mach 
numbers from 0.41. to 0.65. 

I n  t h e  pull-ups within the Mach amber range from 0.64 
t o  0.80, mexlmum lift coeflicients were not rsached becauee of 
buffeting. In this range the airplane was pul l ed  throupb t he  
buffet.ing boundaq until the vibmt!,on of the airplane became 
obJectiomble to the pilot at wh'ch point recoveqy from the 
pull-up m a  made md buffettlng stopped. The pull-ups  through the 
btdfsting bounda-7 were made somewhat more Slowly than t h e  low- 
speed pull-upe. . 

In order to i l l u s t r a t e  t h e  definitions and methocb employed 
in evaluating results, three typical load-factor time-hlstory 
diagrams obtained i n  abrupt pull-ups are shown in figure 2. Point A 
in each of the diagrams represents the point where buffeting 
started; B,the point of p e a  mean load factor; and C,the point 
where buffeting etopped. In figures 2(a) and 2(b) the f i rs t  two 
point6 coincide, while in figure 2(c) the peak load factor occum 
after buffeting starts and between points A and C. 

From the data of the t n e  shown In figure 2 the aiqlane and 
vfng l i f t  coefficiente were evaluated for a ntmber of rUn8 at the 
points where buffeting started and atopped &a well a8 a t  maximum 
l i f t .  In computing l i f t  cosfficients the lift was aaswled $0 be 
equal t o  the normal force, and fusebge and Froye l l e r  n o m 1  l o a d s  
were neglected. The equation8 used'in determining l i f t  coefficient8 
were : 
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where 

airplane Iff t coefficient 

wing lift coefficient 

normal load factor (measured peqendfcflar to amlane thruElt 
line) 

dynamic preeme,  pounds  per square foot 

wing area, square feet 

airplane weight, pow&! 

horizontal  tail load, pounds, as determined from the r s t r a i n  
gages and accelerameter records  

Since t h e  teste of the F-5D E ~ B  w e l l  88 other investigatione 

uhere 

c mean aerodynamic chord, feet 

v aireeed, feet per second 

- time rate of change of angle of attack, radians per eecond 
at  



The rate of change of angle of attack &/at was fn turn 
dctormined from the measurbd m t e  of change of load factor wlth 
time a& the equEttion 

vhere 

cICL/& slope of l i f t  c m e ,  TeF mafan 

dn/dt tim rate of chenge of 1oad.factor 

The slope of the  lift curve tC~,’aa: at the various values of Mach 
number TWS obtained From tmpubIflshed data from wind-tunnel tes te  
md.s a t  A m 8  of the XP-51 e iq4ane .  The aloye of the lmd-factor 
time diapam was taken at +,he time corresponSing to 6 chord lengths 
before the maximum accelemtian waa reached. This corresponds aFproxf- 
mately to *.he time the l i f t  coefficient Zag8 t.he =le of attack when 
the w l e  ie chary?;ing r a p i d b .  

w 

The eatimatod accuracy in the  detsrminst;ion of the pertinent 
reeulta is as . f o l l o w :  CL, or C k ,  e 3 percent, M, 20.01, and 
C k, t15 percent v at 

These probable error8 arfse principally fr9m error8 in t h e  
meesurement of dynamic pressure, pressure alt i tude,  load factor, 
and, in th6 case of lift cosfficlents, in tho assumption t h a t  t h e  
l i f t  was ea-ual t o  the norm1 force. In the determlr.ation of 

v dt’ du however, the listed error is attributed to (1) the neoeesfty 
of  using wind-tunnel data fram testa o f  a model of the XP-51 for 
l-ift-curve slope, (2) the somewhat arbitrary selection of the 
point at which the elopes were mad, and (3) graphical errors in 
the differentiation process. 
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The Effects of Mach an& Reynolds Nunbar on the 

Maxlrmun Lift Coef'f'icient 

The resu l t s  of a nmiber of abrupt pUU-ups to the mawm 
l i f t  coefficient for those cams where goints A and 33 coincide 
(fig.  2) and the rewdts of gradual st- are presented in 
figure 3.. The resu l t s  shown indicate that the airplae meximm 
lift coefflcient obtained in the abrupt stalls decreases rapidly 
as the Mach number increaEIee from 0.21 t o  0 -48 where a minimum 
point is reached. The rnaxhmn lift coefficient then increases 
u n t i l  a secondaq peak is reached at a Hach nmber of' 0.56 after 
which it again begins to decrease rapidly t o  the limit of the 
present tests .  The secondary peak in the m a i m m  lift coefficient 
is characterist ic of low drag ah-foils and TB cawed by the 
Broadecing of the uypor &ace low-presawe &region which offeets 
t h e  re&uction in the negative p?essu"e peak  BE^ the Mech m d e r  
increases. As the Mach number Increwes f-aAker the decrease in 
the negative pressura peak rum6 than accounts for the broafiening 
upyer surface pressure and t he  rnaximuulift coefficfent  again 
begins t o  decrease. It can alao be seen from figure 3 that 
al t i tude,  and therefore Regnola2 number, has no apparent ef fec t  on 
the maximum l i f t  coeff fcient obtafned in  abrupt stalls within the 
limits of the &at9 obtained. This result has 8lSO been ahown fn 
reference 5 for the P-47C ai rp lane and fn +&e results of Aries 
Laboratory t e s t s  of the P-53A airplane. In tbe c m e  of figure 3. 
it is  ale0 seen that the general trend f o r  the gradual e ta l ls  is 
s w l a r  to t ha t  for t k e  abrupt stalls with the minimum ard peak 
maximm lift coefficients occming at similar Mach numbers. 

A canpr i son  of the r s e a t a  obtafnecl in the abrupt stells 
with similar rasulta obtained with a P -63A amlane (f 16. 4) 
qualitatively  indicates the same sort of variation f o r  the two 
cases. The Oifferencos noted between the two casee m y  be 
ascribed t o  the f a c t  that, although botk wings e m  of t he  low 
drag type, a e  sections ars t~se imi~ar ;  those on the P-63 be- 
obtained from the EACA 66 eeries of airfoils while thoee of' the 
P-5D are 8 North American-WACA cornpromine sectfm. lt is to be 
noted, also, that the abrust pull-ups f o r  the F-63 were not carried 
sufficiently far t o  fndlcate any mfnimu;n point In the Cr; curve 

Compmison between resu l t s  of g a u a l  s t a l l s  of a ~ - 5 1 ~  (reference 6 )  
A 



and thoee of the P-5D ( f ig .  4) show fair agreement  throughout. 
Whatever differences  exist m y  be at t r ibuted t o  the fact that the 
two airplanes have a elightly aifferent  configuration, 

Effect of Mach Number on the Buffeting Bounda~y 

Figure 5 is m edension of the reeulte  given in  figure 3 t o  
include  thoee  pull-ups where buffeting  prevented  tke at-binment  of 
t rue  maximum lift. (See f i g .  2(c) * )  Tho pull-up traced out by 
the curve A, B, C i l l u s t r a t e s  the manner of variation of lift 
coefficier-t with Mach number obtained i n  a typfcal high Mach 
number pull-out 

From a Mach number of 0.21 t o  0.64 the  buffeting boundary is 
defined by the  actual Urnit ~raximyn lift coefficicnt a8 obtained 
In abnnpt pull-ups of the airplane. Above a Mach number of 0.64, 
however, the buffeting l i f t  coefffcients are below the maximum 
lift coefficients. It i e  Been from figure 5 that the l i f t  
coefficient a t  which buffeting  either s.t;arts o r  stope  decreasee 
rapidly  with Mach nwiber and that at a *.ch number of about 0.83 
buffeting would occur even a t  zero l i f t .  The implication of the 
results of figure 7, $Gofar  ae they specifically apply t o   t he  
P-51D airplane, i8 given in  figure 6 where the lift capabili t iee 
of the P-5I.D are shown for   several   a l t i tudee.  The portions of the 
cumee below M = 0.64 were eetablished from the solid part of 
the clxrve i n  figure 5 end the portfone above M = 0 -44 were 
establiehed from the  dotted  part of the curTe. It is 88613 that 
a t  40,000 f ee t  the airplar;e would be capablt: of only the  mildest 
maneuvers and that even a t  1 g buffettng would occur a t  M = 0*79. 

It may also be soen from ligure 5 that the lift coefficiente 
where buffe t ing ' s ta r t s  and stops apparently define a single cume 
i n  the region from M = 0.64 t o  M = 0.80. In the C h  region 
(Bolid curve) the lift coefficient where buffetfng stope lies below 
the point where it i n i t i a l l y  started.  A n  indication of t h i s  resu l t  
m y  be obtained from figure 2 ( b ) .  However, i n   t h f s  range, the lift 
coefficient where buffeting  stopped depended upon the   ra te  of change 
of angle of ettack, and, in  general, seemed t o  be lower than  the 
gradual e t s l l  l ine.  

Several papers have presented charts by which t he  lowepeed 
negative  pressure  coefficients may be expanded t o  account for 
effects  of compressibility. In general, such chart8 when used t o  
elcpand each preasure point along the a i r f o i l  can be made to yield a 



. variazion of a cpt ica l  U t  coefficient with Ikch nmfber; the 
word c r i t i c a l ,  then, be- associated wteh the attctfIMent of the 
velocity of Bound over adme portion of the a t r f o l l .  In general, 
f l i gh t   obse r~e t ions  as w s l l  &a wind-tunnel e;rperience have not 
inucated  aerious  effecte when the l o c a l  velocity of sound is first 
reached. Therefore, c w e s  of c r i t i c d  Iff t versus M would be 
expected t o  l i e  w e l l  belar the CWVB sho-m in figure 3 and c w l d  
on ly  serve as a rough &&e to the buffeting Unit. The charts of 
reference 5 make possfble a p e d i c t i a n  of the  b f l e t i n g  lktt rather 
tiban a c r i t i c a l  lfit coefficient. 

. 
. . .  .. 
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From the flight t e s t e  of the P+?D airplane f t .may  be 
concluded that: 

1 I The .maximum lift coefficient  attainable i n  abrupt stalls 
decreasea  rapidly wfth Wch number until a minimum value is reached 
at  a Mach  number of 0.48, ani! then  increases until a secondary peak 
is reached a t  a Mach nmfber of 0.56, aftor which the maximum l i f t  
coefficient  decreases with Mach n m b e ~ .  The maximun l i f t  coefficient 
a t ta inable   in  abkuyt stalls appears t o  be independent 'of Reynolds 
number within the l imite of t he   t e s t  data. 

2.  The variation of maximum l i f t  coefficient with Mach number 
obtained i n  gradual stalls is eomewhat simllar t o  that obtained in 
abrupt   e ta l ls  a t  .Mach numbers above 0 .&. However, the maximum 
l i f t  coefficient8 obtained i n  graaual stalls are lower than those 
obtained in  abrupt stalls. 

3 .  The lnaximum l i f t  coefficient  obtained i n  abrupt stalls 
& b o  defines  the  buffeting boundary up t o  a Mach number of 0.64. 
Above a Mach number of 0.64 there is a rapid, almost linear, 
decrease in  the buffeting lift coefficient which appraaches  zero 
l i f t  a t  a Mach nmber of about 0.83. The actual  mx3mum l i f t  
coefficient i s  above the  buffeting boundary at Mach rsumbers 
greater than o .64 I 

Langley Memorial Aercmiutical Laboratom 
Rational Advfsoly 'Committee for  Aeronautics 

Iangley Field, Va. 
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Figure 1.- Side View o f  P-5U) alrplsne used in teats ,  - 
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